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Abstract
The limiting-CO2 inducible CO2 concentrating mechanism (CCM) of microalgae represents an effective
strategy to capture CO2 when its availability is limited. At least two limiting-CO2 acclimation states, termed
low CO2 and very-low CO2, have been demonstrated in the model microalga Chlamydomonas reinhardtii,
and many questions still remain unanswered regarding both the regulation of these acclimation states and the
molecular mechanism underlying operation of the CCM in these two states. This study examines the role of
two proteins, LCIA (also named NAR1.2) and LCIB, in the CCM of C. reinhardtii. The identification of an
LCIA-LCIB double mutant based on its inability to survive in very-low CO2 suggests that both LCIA and
LCIB are critical for survival in very-low CO2. The contrasting impacts of individual mutations in LCIB and
LCIA in comparison with the impacts of LCIB-LCIA double mutations on growth and Ci-dependent
photosynthetic O2 evolution reveal distinct roles of LCIA and LCIB in the CCM. While both LCIA and
LCIB are essential for very-low CO2 acclimation, LCIB appears to function in a CO2 uptake system, while
LCIA appears to be associated with a HCO3- transport system. The contrasting and complementary roles of
LCIA and LCIB in acclimation to low CO2 and very-low CO2 suggest a possible mechanism of differential
regulation of the CCM based on the inhibition of HCO3- transporters by moderate to high levels of CO2.
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ABSTRACT 37 
The limiting-CO2 inducible CO2 concentrating mechanism (CCM) of microalgae represents an 38 
effective strategy to capture CO2 when its availability is limited. At least two limiting-CO2 39 
acclimation states, termed low CO2 and very-low CO2, have been demonstrated in the model 40 
microalga Chlamydomonas reinhardtii, and many questions still remain unanswered regarding 41 
both the regulation of these acclimation states and the molecular mechanism underlying 42 
operation of the CCM in these two states. This study examines the role of two proteins, LCIA 43 
(also named NAR1.2) and LCIB, in the CCM of C. reinhardtii. The identification of an LCIA-44 
LCIB double mutant based on its inability to survive in very-low CO2 suggests that both LCIA 45 
and LCIB are critical for survival in very-low CO2. The contrasting impacts of individual 46 
mutations in LCIB and LCIA in comparison with the impacts of LCIB-LCIA double mutations on 47 
growth and Ci-dependent photosynthetic O2 evolution reveal distinct roles of LCIA and LCIB in 48 
the CCM. While both LCIA and LCIB are essential for very-low CO2 acclimation, LCIB appears 49 
to function in a CO2 uptake system, while LCIA appears to be associated with a HCO3- transport 50 
system. The contrasting and complementary roles of LCIA and LCIB in acclimation to low CO2 51 
and very-low CO2 suggest a possible mechanism of differential regulation of the CCM based on 52 
the inhibition of HCO3- transporters by moderate to high levels of CO2.  53 
 54 
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INTRODUCTION 56 
The CO2 concentration in Earth’s atmosphere has declined significantly since the origin of 57 
photosynthesis, and the current atmospheric CO2 level is a major limiting factor for optimal 58 
photosynthesis in many plant species. Because the central enzyme catalyzing CO2 assimilation, 59 
ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), has a low affinity for CO2 and a 60 
slow catalytic turnover rate for the carboxylation reaction, possibly as an evolutionary relic, and 61 
also catalyzes the competing oxygenation reaction between O2 and ribulose-1,5-bisphosphate 62 
that releases fixed CO2 through photorespiration, several adaptive strategies have evolved to 63 
improve photosynthetic efficiency by raising the CO2 concentration at the site of Rubisco to 64 
increase the carboxylation rates and to suppress the wasteful photorespiration pathway. Among 65 
them, the cyanobacterial/microalgal CO2-concentrating mechanism (CCM) appears to be one of 66 
the most effective strategies for CO2 enrichment. These CCMs deploy diverse, active inorganic 67 
carbon (Ci) uptake systems, allowing cells to accumulate intracellular Ci up to 1000-fold from 68 
low CO2 environments (Badger and Price, 2003; Moroney and Ynalvez, 2007; Price et al., 2008; 69 
Spalding, 2008). As microalgae and cyanobacteria contribute a great portion of global CO2 70 
sequestration through photosynthesis (Behrenfeld et al. 2001), and have shown enormous 71 
potential as an alternative future energy source (Sheehan et al. 1998, Wijffels and Barbosa 2010), 72 
enhanced knowledge of the microalgal CCM will provide not only insights into the CCM’s 73 
influences on natural environments, but also guidance for the potential application of 74 
bioengineering approaches to enhance biomass productivity in economically important algae 75 
strains, or to improve photosynthetic carbon fixation in crop species that lack a CCM.  76 
Although microalgal and cyanobacterial CCMs exhibit a very high level of diversity with regard 77 
to components and mechanisms (Badger and Spalding, 2000), these CCMs share some major 78 
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molecular characteristics, including Rubisco sequestration in a specialized microcompartment, 79 
catalyzed inter-conversion of Ci species by carbonic anhydrase (CA), and energy-dependent, 80 
active Ci uptake systems. The eukaryotic CCM has been extensively studied in the model 81 
organism Chlamydomonas reinhardtii during the last 3-4 decades. Compared to the prokaryotic, 82 
cyanobacterial CCM, the eukaryotic, microalgal CCM, appears complex due to the involvement 83 
of additional subcellular compartments and regulatory systems (Wang et al., 2011). Some areas 84 
of uncertainty regarding key features of the microalgal CCM remain to be addressed: (1) Ci, 85 
including the charged species, bicarbonate (HCO3-), must cross both the plasma membrane and 86 
the chloroplast envelope to reach Rubisco, yet the roles, if any, of proposed and confirmed Ci 87 
transporters, including the plasma membrane proteins HLA3 and LCI1 and the chloroplast 88 
envelope proteins LCIA (NAR1.2), CCP1 and CCP2 (Im and Grossman, 2002; Miura et al., 89 
2004; Pollock et al., 2004; Mariscal et al., 2006; Duanmu et al., 2009a; Ohnishi et al., 2010), in 90 
acclimation and Ci uptake under different limiting CO2 conditions are not yet clearly defined; (2) 91 
previous physiological studies have demonstrated that active uptake of both CO2 and HCO3- 92 
occur in C. reinhardtii (Moroney and Tolbert, 1985; Sultemeyer et al., 1989), but the molecular 93 
components and the underlying mechanism responsible for active CO2 uptake is still largely 94 
unknown; (3) the tight regulation of CCM functional components is still not well understood 95 
(Spalding et al., 2002). Physiological studies in wild type C. reinhardtii cells have suggested that 96 
within the range of so-called “limiting” or “low” CO2 (the meaning of low CO2 is not universally 97 
defined in many previous publications, often ranging from air level of CO2 to nearly zero CO2), 98 
at least two distinct acclimation states, low CO2 (~0.03 – 0.5 %) and very-low CO2 (<0.02%), 99 
can be defined (Vance and Spalding, 2005). However, recent transcriptome studies (Brueggeman 100 
et al., 2012; Fang et al., 2012) have failed to identify any changes that occur at the transcription 101 
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abundance level between low CO2 and very-low CO2 conditions, so it is still unclear how the 102 
CCM is differentially regulated between these two limiting CO2 acclimation states. 103 
The first line of clear genetic evidence showing multiple, limiting-CO2 acclimation states came 104 
from identification of mutants with an air dier growth phenotype (Wang and Spalding, 2006); 105 
these mutants die in air level of CO2 (0.03-0.05%) but can survive in either high CO2 (5%) or 106 
very-low CO2 (<0.02% CO2), and their ability to accumulate Ci is severely compromised in low 107 
CO2 but fairly normal in very-low CO2. The mutation causing this air dier phenotype has been 108 
unequivocally linked to the LCIB gene (Wang and Spalding, 2006), which encodes a novel 109 
chloroplast protein that forms a heteromultimeric complex with its close homolog LCIC 110 
(Yamano et al., 2010; Wang and Spalding, 2014). It is unclear how LCIB is involved in Ci 111 
accumulation, largely due to its unknown biochemical characteristics and the lack of homologues 112 
of known function in other organisms. Genetic analysis of LCIB/CAH3 double mutants indicated 113 
that LCIB functions downstream of CAH3, a thylakoid lumen CA (Duanmu et al. 2009b). As 114 
CAH3 catalyzes dehydration of accumulated HCO3- to provide CO2 for Rubisco inside the 115 
pyrenoid (Spalding et al., 1983b; Moroney et al., 2011), it has been hypothesized that LCIB 116 
captures CO2 leaked from the pyrenoid, possibly by unidirectionally hydrating CO2 back to 117 
HCO3- (Duanmu et al., 2009b). If this hypothesis is correct, it also implies that LCIB may also 118 
function in active Ci accumulation by unidirectionally hydrating externally diffused CO2 into the 119 
stromal HCO3- pool (Wang and Spalding, 2014). LCIB and the LCIB/LCIC complex change 120 
location within the chloroplast when cells are transferred from low CO2 (or high CO2) to very-121 
low CO2 conditions (Yamano et al., 2010; Wang and Spalding, 2014; Yamano et al., 2014), 122 
suggesting a regulatory mechanism exists to regulate the functions of LCIB, possibly associated 123 
with low CO2 and very-low CO2 acclimation states.   124 
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The growth phenotype and physiological characteristics of LCIB mutants clearly demonstrate 125 
that LCIB is indispensable for Ci acquisition in low CO2, but dispensable in very-low CO2 when 126 
other Ci uptake systems are still functional. It is also clear, however, that even though it is 127 
dispensable, LCIB contributes to viability in very-low CO2 (Duanmu et al., 2009a), although 128 
neither its level of contribution to nor its precise role in Ci uptake under these conditions has 129 
been established. Two putative Ci transporters have been demonstrated to contribute LCIB-130 
independent Ci uptake in C. reinhardtii. Knockdown of HLA3, a gene encoding an ATP-binding 131 
cassette (ABC) transporter protein, in LCIB mutants causes growth defects in very-low CO2 and 132 
decreased Ci accumulation especially at a high pH (Duanmu et al., 2009a).  HLA3 is predicted to 133 
be localized on the plasma membrane, and therefore is very likely involved in HCO3- transport at 134 
this location. Another putative Ci transporter that might be involved in Ci uptake in very-low 135 
CO2, LCIA, belongs to a formate-nitrite transporter (FNT) family (Mariscal et al., 2006), and is 136 
predicted to be targeted to the chloroplast envelope (Miura et al., 2004). Although it shows 137 
significant identity to the C. reinhardtii nitrate assimilation-related (NAR) gene family and has 138 
also been named NAR1.2, unlike other NAR genes, LCIA expression is regulated by CO2 but not 139 
by nitrogen source (Miura et al., 2004; Mariscal et al., 2006), and introduction of an LCIA gene 140 
into Xenopus oocytes reportedly increased HCO3- uptake (Mariscal et al., 2006). Although no 141 
LCIA single knockout or knockdown mutants have been reported, simultaneous co-knockdown 142 
of LCIA with HLA3 resulted in decreased Ci accumulation and decreased growth in very-low 143 
CO2, especially when combined with LCIB mutations (Duanmu et al., 2009a). While it appears 144 
that their contribution to Ci uptake may be important for the growth of C. reinhardtii under very-145 
low CO2, HLA3- or LCIA-associated Ci uptake in the absence of LCIB cannot support growth of 146 
LCIB mutants in air-level CO2, as evidenced by the air dier phenotype.  This suggests the 147 
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primary role for these putative Ci transporters may be in very-low CO2 conditions, but it is not 148 
clear whether, or how, HLA3 and LCIA are differentially regulated between very-low CO2 and 149 
low CO2.  150 
The current study was undertaken primarily to dissect the molecular mechanisms underlying the 151 
functional acclimation to very-low CO2 in C. reinhardtii. We identified an LCIA-LCIB double 152 
mutant that is unable to survive in very-low CO2. The effects of the single LCIB mutation, the 153 
LCIA mutation and the combined LCIA and LCIB mutations on growth and Ci-dependent 154 
photosynthetic O2 evolution reveal possible functions of LCIB and LCIA in the CCM, and 155 
demonstrate that both LCIA and LCIB contribute to Ci acquisition and acclimation under very-156 
low CO2 conditions but that they play distinct and complementary roles. The analyses of these 157 
data also have revealed a possible mechanism to explain the curious air dier phenotype of LCIB 158 
mutants and the regulation between low CO2 and very-low CO2 acclimation states. 159 
 160 
RESULTS 161 
Impact of LCIB mutation on Ci-dependent O2 Evolution 162 
LCIB mutations cause severe inhibition of Ci uptake and photosynthesis in low CO2, but appear 163 
to have much less impact on photosynthesis in very-low CO2 (Spalding et al., 1983a; Wang and 164 
Spalding, 2006; Duanmu et al., 2009a; Yamano et al., 2010; Duanmu and Spalding, 2011). To 165 
better understand this dichotomy, we more closely examined the impact of the LCIB mutation on 166 
very-low CO2 acclimation and Ci species dependence of photosynthesis in the LCIB mutant by 167 
comparing photosynthetic O2 evolution in very-low CO2 acclimated cells of wild type and the 168 
LCIB mutant ad1 (Wang and Spalding 2006) at two pHs.  As shown in Figure 1A, at an acidic 169 
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pH (6.0), where the relative abundance of CO2 is higher, O2 evolution in ad1 was severely 170 
inhibited in 10-100 µM Ci but regained wild type rates at 200 µM Ci. However, at pH7.3, where 171 
HCO3- is much more abundant than CO2, O2 evolution rates in ad1 were very similar to those of 172 
wild type cells at 0-50 µM Ci but were inhibited relative to wild type in 50 – 200 µM Ci. 173 
Furthermore, photosynthetic rates in ad1 actually decreased as Ci concentration was increased 174 
between 50 µM and 200 µM.  The different responses of ad1 at these two pHs suggest that the 175 
function of LCIB, which is absent in ad1, is Ci species dependent. When the photosynthetic O2 176 
evolution rates are plotted as a function of the calculated CO2 or HCO3- concentrations (Figure 177 
1B, 1C), the apparent inhibition of O2 evolution in ad1 relative to wild type occurs in the same 178 
CO2 concentration range, but in different total Ci or HCO3- concentration ranges, at both pHs, 179 
and this CO2 range corresponds to CO2 concentrations associated with the low CO2 acclimation 180 
state (Vance and Spalding, 2005), even though the algae were acclimated to very-low CO2. 181 
These results suggest that the LCIB mutant is compromised strictly in CO2 uptake and 182 
specifically in the “low CO2” range. Furthermore, the different responses of ad1 at two pHs also 183 
suggest that another element, possibly a HCO3- transport pathway, is responsible for the 184 
apparently normal photosynthetic O2 evolution at lower Ci concentrations (<50 µM at pH 7.3; 185 
<10 µM at pH 6.0), equivalent to <7 µM CO2 at either pH, which corresponds to the range of 186 
CO2 concentrations associated with the very-low CO2 acclimation state (Vance and Spalding, 187 
2005). The rates of photosynthetic O2 evolution in ad1 are very similar at either pH when plotted 188 
as a function of the HCO3- concentration, but not the total Ci or CO2 concentration (Fig. 1D, 1F, 189 
1E), which supports the suggestion that a HCO3- transport system is responsible for the growth 190 
and Ci uptake of the LCIB mutant in very-low CO2.  191 
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Generation of additional mutations in an LCIB mutant background 192 
Although the LCIB-associated Ci uptake is missing in LCIB mutants, other Ci uptake systems 193 
appear still functional, as evidenced by the nearly normal photosynthetic rates of ad1 in the 194 
lowest Ci concentrations (<50 µM at pH 7.3; <10 µM at pH 6.0)  (Fig. 1A) and by its apparently 195 
normal growth in very-low CO2 (Fig. 2). To facilitate identification of Ci uptake systems 196 
responsible in LCIB mutants for active Ci uptake and growth in very-low CO2, ad1 was 197 
mutagenized by random insertion of an Aph8-bearing plasmid (Sizova et al., 2001), selected for 198 
paromomycin resistance (paraR) and screened for inability to grow in very-low CO2. Five 199 
mutants with the target phenotype were identified from about 2000 screened paraR transformants. 200 
While ad1 shows a typical air-dier growth phenotype so can still grow in very-low CO2, these 201 
new mutants were unable to grow in either very-low CO2 or low CO2, but grew as well as wild 202 
type in high CO2 (Figure 2). The genomic DNA flanking the Aph8 insert from these new double 203 
mutants was isolated and sequenced, which confirmed that all were independent mutants. One 204 
mutant in which the insert was found to have disrupted the LCIA gene was named lab1 (LCIA-205 
LCIB double mutant), and was further characterized.  206 
LCIA mutation in lab1 responsible for the lethal growth phenotype in very-low CO2 207 
The plasmid bearing Aph8 in lab1 is inserted in the 6th exon of LCIA, causing a 243 base 208 
deletion, including 133 nucleotides in the coding sequence and 110 nucleotides in the 3’ UTR 209 
(Fig. 3A). The insertion in LCIA was confirmed by PCR with a pair of primers that amplify the 210 
genomic DNA in this region (Fig. 3B). In wild type cells, expression of the LCIA protein is 211 
induced by limiting CO2, but, even though the insertion in lab1 is located near the 3’ end of 212 
LCIA and causes a deletion of only 44 C-terminal amino acids, western immunoblots were 213 
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unable to detect any LCIA protein in lab1 (Fig. 3C), either because LCIA is not properly 214 
transcribed, not properly translated or because its transcripts or polypeptides are quickly 215 
degraded. 216 
A genetic cross between lab1 and wild type strain CC620 was performed to confirm whether the 217 
lethal growth phenotype in lab1 is caused by the mutation in LCIA. Since lab1 has both a Ble 218 
(confers zeocin resistance, zeoR) insert (causing the LCIB deletion) and an Aph8 insert (causing 219 
the LCIA truncation), progeny carrying both LCIB and LCIA mutations were selected for both 220 
zeoR and paraR. More than 50 random progeny were tested for growth in different CO2 221 
concentrations, and all progeny carrying both mutations (confirmed by PCR) showed the same 222 
growth phenotype as lab1 (lethal in both low CO2 and very-low CO2), indicating that the 223 
inability of lab1 to grow in very-low CO2 is genetically linked to the insertion in LCIA. We 224 
further cloned a genomic DNA fragment containing the wild type LCIA gene, including 1.1 kb of 225 
upstream sequence (presumably including the LCIA promoter region) and the entire 3’ UTR, 226 
introduced this gene into the lab1 mutant, and found that this LCIA genomic clone 227 
complemented growth of lab1 in very-low CO2. All complemented lines restored the air dier 228 
growth phenotype of the host strain ad1 (Figure 2), and the presence of a wild type LCIA gene, 229 
and the expression of LCIA protein induced by limiting CO2 in these lines were confirmed by 230 
PCR and western immunoblots (Fig. 3D). These results demonstrate that the lethal growth 231 
phenotype in very-low CO2 in the LCIA-LCIB double mutant is caused by the LCIA mutation.  232 
Defective photosynthesis in lab1 double mutants 233 
The inability of lab1 to grow in very-low CO2 suggests that photosynthesis driven by active Ci 234 
uptake systems may be defective.  Compared to that of wild type, Ci-dependent O2 evolution in 235 
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lab1 was severely inhibited in Ci concentrations ≤200 µM at pH 7.3 and markedly decreased in 236 
Ci concentrations ≤100 µM at pH 6.0 (Fig. 4A). Photosynthetic O2 evolution in lab1 was similar 237 
at either pH when plotted as a function of the calculated CO2 concentration (Fig. 4B), suggesting 238 
that photosynthetic CO2 assimilation remaining in the absence of both LCIB and LCIA is largely 239 
supported through Ci diffusion (Spalding and Ogren, 1983). Since, photosynthesis in LCIB 240 
single mutants appears to be dependent on HCO3- uptake, as evidenced by the apparent 241 
dependence of photosynthetic O2 evolution in ad1 on the concentration of HCO3- (Fig. 1C), the 242 
highly reduced and apparently CO2-dependent photosynthesis in LCIA-LCIB double mutants 243 
implies that LCIA is required for much of the active HCO3- uptake in ad1.  244 
Decreased HCO3--dependent photosynthesis in LCIA single mutants 245 
The impacts of an LCIA single mutation on growth and photosynthesis were evaluated in 246 
progeny bearing only the LCIA mutation. These were identified as paraR but zeocin sensitive 247 
(zeoS) progeny from the genetic cross of lab1 with CC620 described above. PCR and western 248 
blots confirmed that these paraR-zeoS progeny carry the LCIA mutation but retain the wild type 249 
LCIB gene (Figs. 5B, 5C). In contrast to lab1 or ad1, the LCIA single-gene mutants did not show 250 
any obvious growth defect in spot tests at either low CO2 or very-low CO2 (Fig. 5A), indicating 251 
that loss of LCIA alone has no gross impact on growth and photosynthesis under these 252 
conditions.  253 
Ci-dependent photosynthetic O2 evolution in several LCIA mutant progeny was similar to that of 254 
wild type cells at pH 7.3, as illustrated by the comparison between one LCIA mutant, lcia90, and 255 
its wild type parent CC620 (Fig. 6). While the Ci-dependent photosynthetic activities of lcia90 256 
and wild type are very similar at pH 7.3, photosynthesis was significantly inhibited in lcia90 257 
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relative to wild type at pH 9.0. Since almost all Ci at pH 9 is in the form of HCO3-, decreased 258 
photosynthesis under these conditions is consistent with the mutation in LCIA causing a defect in 259 
active HCO3- uptake.  260 
DISCUSSION 261 
We have demonstrated that two C. reinhardtii proteins, LCIA and LCIB, both contribute to 262 
CCM-mediated Ci assimilation in very-low CO2, exemplified by growth and photosynthesis of 263 
mutants defective in LCIB and LCIA: whereas LCIB or LCIA single-gene mutants show no 264 
obvious growth defects in very-low CO2, combination of these mutations in the LCIA-LCIB 265 
double mutant results in a lethal phenotype under very-low CO2 conditions. This demonstrates 266 
that LCIB- and LCIA-associated Ci uptake systems act either complementarily or synergistically 267 
in Ci uptake. The impacts of LCIA-, or LCIB-single mutations and LCIA-LCIB double mutations 268 
on Ci-dependent photosynthesis at different pHs reveal that LCIA and LCIB play distinct roles in 269 
different active Ci uptake processes. While LCIB appears involved in active CO2 uptake, LCIA 270 
is more likely involved in a HCO3- transport pathway. 271 
LCIB-based CO2 uptake system 272 
The essentiality of LCIB in CCM-mediated Ci accumulation has been demonstrated by a number 273 
of earlier studies with LCIB mutants, and LCIB previously has been proposed to function in 274 
direct Ci transport, Ci transport regulation, recapture of CO2 escaping from the pyrenoid and/or 275 
the thylakoid lumen, or physically preventing CO2 escape from pyrenoids (Spalding et al., 1983; 276 
Miura et al., 2004; Wang and Spalding, 2006; Duanmu et al., 2009b; Yamano et al., 2010; Wang 277 
and Spalding, 2014). Here we demonstrate that the absence of LCIB causes photosynthetic 278 
defects under low Ci conditions that correlate with CO2 concentrations. At a slightly acidic pH 279 
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(6.0), where CO2 comprises more than half of the total Ci, Ci-dependent photosynthetic O2 280 
evolution in the LCIB mutant ad1 was significantly inhibited at 10 - 100 µM Ci (~7 – 70 µM 281 
CO2), but at pH 7.3, where HCO3- dominates, photosynthetic O2 evolution was not affected 282 
below 50 µM Ci (~ 6 µM CO2), but showed progressively greater inhibition at higher Ci 283 
concentrations. Yamano et al. (2010) reported an inhibition of photosynthetic O2 evolution in the 284 
LCIB mutants above 200 µM Ci at pH 7.8 (~7 µM CO2), but no obvious inhibition was observed 285 
below 100 µM Ci. It is clear that the lack of LCIB in ad1 results in an apparent inhibition of O2 286 
evolution at similar CO2 concentrations regardless of the pH, and that the lower limit of those 287 
CO2 concentrations in all cases (6-7 µM or ~0.02%, Figure 1C) is very similar to the gas phase 288 
CO2 concentration of 0.02% that we previously defined as the upper limit of the very-low CO2 289 
acclimation state based on physiological characteristics in a wild type strain and on the air dier 290 
phenotype (Vance and Spalding, 2005; Wang and Spalding, 2014). Below this CO2 291 
concentration, LCIB mutants grow, and above this concentration, up to at least air CO2 level 292 
(0.03 – 0.05% CO2), LCIB mutants cannot survive.  293 
When CO2 significantly exceeds air CO2 level, CO2 diffusion alone may be enough to allow the 294 
mutants to survive. The CO2 concentration at which LCIB mutants regained wild type O2 295 
evolution rates at pH 6.0 (Figure 1A; 200 µM Ci, corresponding to 140 µM or 0.42% CO2,) is 296 
also close to the Ci concentration at pH 7.8 where cells were reported by Yamano et al. (2010) to 297 
regain wild type photosynthetic rates (4500 µM Ci at pH 7.8, corresponding to 170 µM or 0.5% 298 
CO2). This CO2 concentration is also close to the upper-limit of the low CO2 acclimation state 299 
according to the previous physiological study with wild type cells by Vance and Spalding 300 
(2005). Based on these data, LCIB likely plays a major role in the CCM via active CO2 uptake, 301 
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especially in the range of low CO2 (0.02 – 0.5%), although the underlying biochemical 302 
mechanism is not clear. 303 
We recently proposed that LCIB may function similarly to the cyanobacterial ChpX/Y proteins 304 
in converting CO2 to HCO3- (Duanmu et al., 2009b; Wang and Spalding, 2014). ChpX/Y 305 
proteins in cyanobacteria are proposed to convert CO2 to HCO3- unidirectionally, in contrast to 306 
the bidirectional activity of CAs, via their linkage to NADH dehydrogenase complexes (Price 307 
GD, 2002). If LCIB does function in this manner, it should also accelerate HCO3- accumulation 308 
by hydrating externally diffused CO2 in the chloroplast stroma, which has an alkaline pH in light. 309 
Although this proposed active role of LCIB in CO2 uptake into the accumulated HCO3- pool is 310 
consistent with and can explain the observed physiological characteristics of LCIB mutants, 311 
LCIB/CAH3 double mutants (Duanmu et al. 2009b) and LCIB/LCIA double mutants, it is still 312 
speculative and needs to be rigorously tested at the biochemical level.  313 
Function of LCIA in Ci uptake  314 
In contrast to the photosynthetic impact of LCIB mutations, the impact of an LCIA mutation, 315 
either alone or in combination with an LCIB mutation, on photosynthetic O2 evolution is more 316 
significant at higher pH, indicating that LCIA is likely involved in HCO3- uptake. LCIA has a 317 
predicted chloroplast envelope location (Miura et al., 2004), which we have confirmed by 318 
immunolocalization (Fig. 8A). Although active Ci uptake across the chloroplast envelope has 319 
been demonstrated (Sultemeyer et al., 1988; Moroney and Mason, 1991; Amoroso et al., 1998), 320 
and LCIA has been identified previously as a possible chloroplast envelope Ci transporter (Miura 321 
et al., 2004; Mariscal et al., 2006; Duanmu et al., 2009a), no clear, direct evidence links LCIA to 322 
active, chloroplast envelope Ci uptake. In addition to the lack of direct evidence for Ci transport 323 
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by LCIA, other potential Ci transporters, such as CCP1 and CCP2, also are present on the 324 
chloroplast envelope (Ramazanov et al., 1993). In addition, chloroplast Ci uptake also might be 325 
explained by the activity of LCIB.  326 
Multiple recent studies have shown that the bacterial FNT proteins form a pentameric complex 327 
with a structure similar to aquaporin and behave more like channels than active transporters 328 
(Wang et al., 2009; Lu et al., 2012a; Lu et al., 2013). Non-selective permeability of FNT proteins 329 
to several structurally similar small, anionic molecules also has been demonstrated in artificial 330 
lipid membranes (Lu et al., 2012b). It seems improbable that LCIA would function as a HCO3- 331 
channel in the chloroplast envelope, since the membrane potential of the chloroplast envelope is 332 
inside negative (Demmig and Gimmler 1983; Wu et al., 1991; Fuks and Homble 1999); meaning 333 
HCO3- (or any anion) would have to move against an electrical gradient to enter the chloroplast. 334 
However, if LCIA does function as a channel to facilitate passive entry of HCO3- into the 335 
chloroplast, it would have to depend on the activity of plasma membrane Ci transporters, e.g., 336 
HLA3 and LCI1 (Duanmu et al., 2009a; Ohnishi et al., 2010), to generate a sufficiently high 337 
HCO3- concentration in the relatively small volume between the plasma membrane and 338 
chloroplast envelope to establish a HCO3- concentration gradient sufficient to overcome the 339 
electrical gradient and push HCO3- across the inner envelope. An LCIA channel also would have 340 
to be highly regulated to prevent reversed flow when the HCO3- gradient was not favorable for 341 
uptake. Ci uptake studies with isolated chloroplasts from LCIA mutants and LCIA over-342 
expression lines will help to clarify whether LCIA is directly responsible for HCO3- uptake into 343 
chloroplasts and, if so, whether it performs as an active Ci transporter or as an anion channel. 344 
Future biochemical, biophysical and structural characterizations of LCIA also will be required to 345 
clarify the molecular mechanism underlying LCIA associated Ci uptake.  346 
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CO2 inhibition of LCIA-mediated Ci uptake 347 
As shown in Fig. 1B, the photosynthetic O2 evolution in an LCIB mutant progressively decreased 348 
as the Ci concentration increased beyond 50 µM at pH 7.3. The O2 evolution rate of ad1 at 200 349 
µM Ci (~22 µM CO2) was significantly reduced compared to that at 50 µM at this pH. Yamano 350 
et al. (2010) have reported similar responses at a higher pH (pH 7.8) in LCIB mutants: the 351 
mutants showed O2 evolution rates similar to those of wild type at 0-100 µM Ci, but reduced 352 
rates at higher Ci concentrations; the most significant inhibition occurred at 500 - 700 µM Ci 353 
(~19 - 27 µM CO2). In these higher pHs (pH 7.3 or pH 7.8), the dominant Ci species is HCO3-, 354 
and the reduced activity at higher Ci concentrations cannot be simply explained by a defect in 355 
CO2 uptake caused by an LCIB mutation, because the Ci-dependent photosynthetic rates in these 356 
mutants should then at least remain constant, if not increase, with increased Ci concentrations. 357 
Since it seems clear that an LCIA associated system contributes significant Ci uptake in cells 358 
lacking LCIB, this observed Ci inhibition of photosynthetic O2 evolution must represent 359 
inhibition of LCIA-associated Ci uptake activity.  360 
We reasoned that, if LCIA-mediated Ci uptake activity is inhibited by Ci, this should be evident 361 
in the calculated difference in photosynthetic activity between ad1and lab1, which should 362 
represent the contribution of LCIA to the photosynthetic performance of ad1. When we calculate 363 
this LCIA contribution from O2 evolution data obtained at pH 6.0 and pH 7.3 and plot it as a 364 
function of calculated CO2 and HCO3- concentrations (Figure 7A, B), it becomes evident that Ci 365 
inhibition of LCIA associated Ci uptake activity responds to CO2 rather than to either HCO3- or 366 
total Ci concentrations. Furthermore, the apparent minimum inhibitory CO2 concentration occurs 367 
just above that defined as very-low CO2 (~7 µM CO2 at room temperature), and becomes more 368 
significant at a CO2 concentration range equivalent to air level (~12 µM CO2 at room 369 
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temperature) and above, implying that air level or low CO2 inhibits the LCIA associated Ci 370 
uptake system.  371 
The Ci response of the LCIB mutant at lower pH (pH 6.0) is different from that at higher pH, in 372 
that the photosynthetic O2 evolution rates of ad1 are inhibited relative to wild type at pH 6.0 but 373 
plateau rather than decreasing with increasing CO2 concentration, as observed at pH 7.3 (Figure 374 
1). In this CO2 concentration range the rate of O2 evolution is much higher at pH 7.3 than that at 375 
pH 6.0 (Fig. 1B), possibly because the HCO3- concentration is higher at pH 7.3 and can support a 376 
much higher rate of HCO3- transport. Therefore, the inhibition of this higher HCO3- transport rate 377 
at pH 7.3 has greater impact on the overall rate of O2 evolution, resulting in a quantitative 378 
decrease in the O2 evolution rate. The observation that the rate of O2 evolution at about 20 µM 379 
CO2 is the same at pH 6.0 and pH 7.3 supports this interpretation.   380 
The inhibition of LCIA activity by air level of CO2 could explain the puzzling air dier growth 381 
phenotype of LCIB mutants, because HCO3- uptake associated with LCIA (and other Ci 382 
transporters) should otherwise allow LCIB mutants to survive in low CO2 as it does in very-low 383 
CO2. This CO2 inhibition appears to occur very quickly, as it can be seen almost immediately 384 
after Ci concentrations exceed the inhibitory CO2 concentration in photosynthetic O2 evolution 385 
measurements. If CO2 is responsible for the apparent inhibition of LCIA activity, this inhibition 386 
could be caused directly by CO2 itself or through an unidentified CO2 sensor protein, and this 387 
inhibition might extend to other target proteins, such as other Ci transporters. If this inhibition 388 
occurs and impacts survivability of LCIB mutants in air CO2 level (i.e., is responsible for the air 389 
dier phenotype), it must take place at the post-translational or allosteric level, because it occurs 390 
so rapidly, and because no significant changes beyond those detected in low CO2 conditions have 391 
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been detected for LCIA or other potential Ci transporter genes at the transcriptional level under 392 
very-low CO2 conditions, (Brueggeman et al., 2012; Fang et al., 2012).  393 
We can use logic similar to that we used to calculate the contribution of LCIA to ad1, and plot 394 
the apparent contribution of LCIB to photosynthetic O2 evolution of cw10, i.e., subtract the O2 395 
evolution rate of ad1 from that of cw10. If we then compare that calculated LCIB contribution 396 
with the apparent contribution of LCIA to ad1 (Fig. 7C), it becomes evident that the apparent 397 
LCIA contribution declines at CO2 concentrations where the apparent LCIB contribution 398 
becomes substantial. This relationship would explain why LCIA and LCIB both contribute to 399 
growth in very-low CO2 but only LCIB appears essential for growth in low CO2 (e.g., air level of 400 
CO2). 401 
 402 
Distinct roles played by LCIA and LCIB in low CO2 and very-low CO2 acclimation states 403 
Due to slow diffusion of CO2 in water, Ci concentration can often change dramatically on daily 404 
basis in an aquatic environment, especially in the natural soil environment of C. reinhardtii when 405 
cell population increases and photosynthesis activities are high. The presence of multiple 406 
limiting CO2 acclimation states in microalgae may reflect an evolutionary adaptation to this 407 
aspect of their natural habitats. The apparent inhibition of LCIA activity by CO2 concentrations 408 
at and above air level, together with the subcellular localizations of and apparent complementary 409 
roles for LCIA and LCIB (Figure 8), suggest a possible explanation for how and why C. 410 
reinhardtii acclimates to different limiting CO2 conditions. Figure 8 illustrates a proposed 411 
working model that could explain the functions of LCIA and LCIB in the C. reinhardtii CCM in 412 
these two acclimation states.   413 
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In this hypothetical model, at very-low CO2 (Figure 8A), both LCIB and LCIA contribute to Ci 414 
accumulation. An LCIA associated HCO3- transport pathway is largely responsible for HCO3- 415 
uptake into the chloroplast, possibly in concert with other HCO3- transporter(s) on the plasma 416 
membrane and/or the chloroplast envelope. LCIB, located around the pyrenoid, traps CO2, either 417 
escaping from the pyrenoid or entering from outside the cell, into the stromal HCO3- pool. This 418 
stromal HCO3- pool then provides substrate to the pyrenoid thylakoid tubules for CAH3-419 
catalyzed dehydration to CO2 for Rubisco, as described in previous CCM models (Spalding et 420 
al., 1983b; Mitra et al., 2005; Spalding, 2008; Moroney et al., 2011).  421 
In low CO2 (Figure 8B), the majority of LCIB protein complex in chloroplasts is located 422 
throughout the stromal space. In this condition, the hypothetical model predicts that LCIB–423 
associated CO2 uptake into the stromal HCO3- pool plays a more dominant role, and Ci uptake 424 
associated with LCIA and other HCO3- transporters is inhibited by CO2 in the “low CO2” 425 
concentration range. Again, the stromal HCO3- accumulated through LCIB activity provides 426 
substrate to the pyrenoid thylakoid tubules for CAH3-catalyzed dehydration to CO2 for Rubisco 427 
as described in previous CCM models. 428 
Assuming the LCIB-mediated CO2 uptake system provides an adequate supply of substrate CO2 429 
for Rubisco in the low CO2 range and that simple CO2 diffusion can do so at higher CO2 430 
concentrations, such CO2 inhibition of HCO3- transport at air concentrations and above may 431 
reflect a versatile regulatory mechanism present in eukaryotic algae for acclimating quickly to 432 
changes in CO2 availability that frequently occur in their natural environments. By switching 433 
rapidly from energy-intensive HCO3- transport systems to a CO2 uptake system (possibly 434 
energetically less costly) when CO2 becomes more abundant, algae cells can divert more solar 435 
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energy for photosynthetic carbon fixation and other metabolic reactions to enable faster growth 436 
at a lower energy cost.   437 
The well-documented regulation by transcript abundance should prevent even the synthesis of 438 
the HCO3- transporters under high CO2 conditions, where the transporters clearly are not needed. 439 
However, in lower CO2 concentration ranges, e.g., 5 - 50 µM (0.015 – 0.15%) CO2, it may be 440 
advantageous for the cells to have the capacity to respond quickly to either activate or inactivate 441 
HCO3- transport in response to CO2 availability. Fluctuations in CO2 concentration near the 442 
surface of the natural soil environment of C. reinhardtii may occur over time frames too short for 443 
transcriptional regulation to act effectively, but the post-translational or allosteric regulation 444 
proposed here would allow HCO3- transporters to shift rapidly between active and inactive states 445 
in response to CO2 concentration fluctuations. Further research will be required to determine 446 
whether this rapid regulation actually occurs via CO2 inhibition of the CCM HCO3- transporter 447 
pathway. 448 
 449 
MATERIALS AND METHODS 450 
Cultures and Growth Conditions.  451 
The wild type strains cw10 (CC849) and CC620 and the mutant strains were maintained and 452 
grown as described previously (Wang and Spalding, 2006). For inducing very-low CO2 453 
acclimation, liquid cell cultures were first grown in minimal medium (pH 7.3) to late log phase 454 
in “high CO2” gas (5% CO2 in air vol/vol), then switched to very-low CO2 by bubbling “very-455 
low CO2” gas though the liquid phase for 20-24 hours.  The very-low CO2 (0.008 – 0.01%) gas 456 
was obtained by passing normal air through a saturated sodium hydroxide solution and remixing 457 
with normal air to achieve the desired final concentration. 458 
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Isolation of Mutants, Identification of Mutation and Genetic Analysis.  459 
Spot growth test, mutant screening and transformation were performed as described previously 460 
(Wang and Spalding, 2006). Strain ad1 was transformed with linearized pSI103d plasmid 461 
(Sizova et al., 2001). Transformed cells were kept in high CO2 and selected on minimal medium 462 
plates supplemented with 10 μg/ml paromomycin. Paromomycin-resistant transformants were 463 
transferred to duplicate plates for screening by growth spot tests in high CO2 and very-low CO2.  464 
The genomic DNA fragments flanking the insertion in mutants were identified by RESDA PCR 465 
(Gonzalez-Ballester et al., 2005). The primary PCR was carried out in a volume of 25 µl 466 
containing 2.5 µl 10X PCR buffer (Invitrogen), 0.25 µl Taq polymerase (Invitrogen), 1 µl 25mM 467 
MgCl2, 0.4 µl 10mM dNTPs, 0.75 µl DMSO, 5 pmol primer RB1, 15 pmol degenerate primers 468 
(Gonzalez-Ballester et al., 2005) and 50 ng genomic DNA as DNA template.  The secondary 469 
PCR was carried out in a volume of 25 µl with the same reagents as the primary RCR except 5 470 
pmol Q0 primer was used to replace the degenerate primers and 1 µl of 25:1 diluted PCR product 471 
from the primary reaction was used as the DNA template. The parameters for PCR cycle were 472 
set up according to Dent et al. (Dent et al., 2005).  473 
The genetic crosses between lab1 and CC620 were performed according to Harris (Harris, 2009). 474 
The progeny bearing both Ble and Aph8 were selected on agar plates made from TAP medium 475 
supplemented with 10 µg/ml paromomycin and 10 µg/ml zeocin. The progeny bearing only Aph8 476 
was selected on agar medium supplemented with 10 µg/ml paromomycin, and then their zeocin 477 
resistance was tested on plates supplemented with 10 µg/ml zeocin. PCR amplification with 478 
primers specific for LCIB or LCIA was used to confirm the defects in LCIA or LCIB in these 479 
progeny. To complement lab1, a genomic DNA fragment including LCIA coding sequence, 480 
putative promoter region and 3’UTR was cloned into pBluescript vector, and used to transform 481 
lab1. The successful transformants were directly selected in very-low CO2 on minimal medium 482 
plates, and untransformed lab1 was used as control. The genomic DNA from the transformants 483 
was isolated, and PCR amplified with specific primers in the region of LCIA where the insertion 484 
is located.  485 
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Measurements of Photosynthetic O2 Evolution.  486 
Photosynthetic O2 evolution was measured at 25°C with a Clark-type oxygen electrode 487 
controlled by an Oxy-Lab unit (Hansatech). Cells from liquid cultures were collected by 488 
centrifugation and suspended in 4ml N2-saturated buffers to a final chlorophyll concentration of 489 
20μg/ml. The buffers used were Mops-Tris (25 mM, pH 7.3), Mes-KOH (25mM, pH 6.0) or 490 
AMPSO (25mM, pH 9.0). For each cell preparation, internal and external Ci were depleted under 491 
illumination (500 μmol photons·m−2·s−1) as judged by cessation of O2 evolution before each 492 
measurement. The Ci-dependent O2 evolution was initiated by addition of various concentrations 493 
of NaHCO3. For most measurements, the subsequent addition of Ci was delayed until the 494 
previous O2 evolution rate approached zero. When O2 evolution rates were extremely slow, such 495 
as in high pH or in lab1 mutants, the subsequent Ci was added to a desired concentration after 496 
previous O2 evolution proceeded at least 1 minute or longer; and the Ci concentration at each 497 
next addition was calculated based on the amount of Ci consumed from the previous Ci addition 498 
as reflected by the amount of O2 evolved.  As O2, when reaching high levels, appears to have 499 
negative influence on photosynthesis, the O2 level in cell suspension was kept low by flushing 500 
with N2 gas when it exceeded 200 nmol/ml. 200 units /ml bovine carbonic anhydrase (Sigma 501 
C2624) were present in the measurements at pH 6.0 and pH 7.3 to ensure the equilibrium of CO2 502 
and HCO3-.  503 
Western Blot Analysis and Immunolocalization 504 
For protein analyses, harvested cells were directly dissolved in a 1X SDS-PAGE buffer in the 505 
presence of 2-mercaptoethanol at 80 oC for 5 minutes.  The resulting lysates were passed through 506 
a 26G needle to reduce viscosity, and separated on 12% SDS-polyacrylamide gels. 507 
Immunoblotting with specific antibodies was performed to detect the specific proteins by 508 
chemiluminescent (SuperSignal Wester Pico, Thermo Scientific).  509 
To generate LCIA specific antibodies, five LCIA cDNA fragments encoding different predicted 510 
soluble portions in LCIA protein were PCR amplified from a cDNA library (Wang and Spalding, 511 
2006) and combined by recombination PCR. The resulting “mini” LCIA sequence was cloned 512 
into pET-28a vector, and transformed into BL21 (DE3) E. coli cells for overexpression. The 513 
expressed “mini” LCIA was purified from E. coli and used to raise LCIA polyclonal antiserum. 514 
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An LCIA monoclonal antibody against a synthetic peptide “ENAINVGAYK” was also 515 
generated (Abmart, Shanghai). LCIB antiserum against purified LCIB is described previously 516 
(Duanmu et al., 2009b). LCI1 antiserum was a gift from James V. Moroney (Louisiana State 517 
University).  518 
For Immunolocalization, cell suspension was placed on precharged microscope slides (ProbeOn 519 
Plus, FisherBiotech) for 1-3 min, and then quickly fixed in -20oC methanol for 10 minutes.  520 
Immunofluorescence staining was performed according to Cole et al. (Cole et al., 1998). 521 
Antiserum against LCIA or LCIB was used at a dilution of 1:1000 as primary antibody, and 522 
fluorescein isothyocyanate-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (Jackson 523 
ImmunoResearch Laboratories) was used at a dilution of 1:150 as the secondary antibody for 524 
immunofluorescence. After final washing with BPS, the slides were mounted using ProLong 525 
Gold reagents (Invitrogen), and digital images of stained cells were acquired with Leica SP5 X 526 
MP confocal microscope. 527 
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Figure Legends 672 
Fig.1. Photosynthetic activity in wild type and the LCIB mutant ad1. (A) Ci-dependent O2 673 
evolution at pH 7.3 and pH 6.0. Strains cw10 (squares) and ad1 (triangles) were grown in high 674 
CO2 and then switched to very-low CO2 for 24 hours before the measurement. 200 units/ml 675 
bovine carbonic anhydrase was present to ensure the equilibrium of CO2 and HCO3-. (B, C) The 676 
photosynthetic activities were plotted against CO2 (B) and HCO3- (C) concentrations calculated 677 
from total Ci at pH 6.0 (solid squares for cw10 or solid triangles for ad1) and pH 7.3 (open 678 
squares for cw10 or open triangles for ad1). (D, E, F) Comparison of the photosynthetic activities 679 
of cw10 and ad1 at pH 7.3 and pH 6.0 plotted against total Ci (D), or CO2 (E) and HCO3- (F) 680 
concentrations calculated from total Ci. The experiments showed similar results with two 681 
independent cultures, although results from only one experiment are shown.  Each data point 682 
represents an average of three technical replicates, and the coefficient of variation for each data 683 
point, the ratio of the standard deviation (n=3) to the average, is less than 10% for all data. The 684 
O2 evolution rates in cw10 and ad1 at 4000 µM Ci are: in pH 7.3, cw10 (101±2), ad1 (97±5); in 685 
pH 6.0, cw10 (93±3), ad1 (91±6). 686 
Fig. 2. Identification of lab1, a LCIA-LCIB double mutant. (A) Growth of wild type (cw10) 687 
and mutant strains on minimal medium agar plates in different concentrations of CO2: high CO2 688 
(5%), low CO2 (0.04%) and very-low CO2 (0.01%). The mutant genes are shown in parentheses 689 
below the strain names; WT: wild type. lab1-LCIA is a cell line generated from LCIA-690 
complemented lab1. Strain cia5 is a classic mutant lacking a limiting CO2 acclimation response.  691 
Fig. 3. Analysis of lab1, a LCIA-LCIB double mutant. (A) Insertion of Aph8 in lab1. The 692 
region of deletion in LCIA caused by the Aph8 insertion is shown with a black box above the 693 
LCIA gene. (B) Amplification of genomic DNA fragments in LCIA by PCR from cw10 and lab1. 694 
The locations of primers in LCIA are shown in part A. The primers A1 and AS1 were used to 695 
amplify a region without insertion; A3 and AS3 were used to amplify a region disrupted by the 696 
Aph8 insert in lab1, and the larger size of PCR product in lab1 confirmed the insertion. (C) 697 
Western blot analysis of expression of LCIA and LCI1 in high CO2- or very-low CO2-acclimated 698 
cells. LCI1 is a protein encoded by LCI1, a limiting CO2 induced gene, and was used as the 699 
control. No difference in LCI1 induction was observed between wild type and lab1. (D) 700 
Recovery of induced expression of LCIA in LCIA-complemented lab1. Wild type cw10 and 701 
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mutants ad1, lab1 and LCIA-complemented lab1 were grown in high CO2, and then shifted into 702 
very-low CO2 for 12 hours. LCIA protein was detected by Western immunoblots with a specific 703 
LCIA antibody.   704 
 705 
Fig. 4. Ci-dependent photosynthetic oxygen evolution in cw10 and lab1. (A) Ci-dependent O2 706 
evolution at pH 7.3 and pH 6.0. Strains cw10 (squares) and lab1 (diamonds) were grown in high 707 
CO2 and then switched to very-low CO2 for 24 hours before the measurement. 200 units/ml 708 
bovine carbonic anhydrase was present to ensure the equilibrium of CO2 and HCO3-. (B) The 709 
photosynthetic activities of lab1 measured at pH 7.3 (open diamonds) and pH 6.0 (solid 710 
diamonds) were plotted against CO2 or HCO3- concentration calculated from total Ci. The 711 
experiments showed similar results with two independent cultures, although results from only 712 
one experiment are shown.  Each data point represents an average of three technical replicates, 713 
and the coefficient of variation for each data point, the ratio of the standard deviation (n=3) to the 714 
average, is less than 10% for all data. The O2 evolution rates of lab1 at 4000 µM Ci are: (78±3) 715 
in pH 7.3, (79±6) in pH 6.0; the rates of cw10 are the same in Figure 1. 716 
Fig. 5. Generation and analysis of LCIA single mutants. (A) Growth of wild type, lab1 717 
double mutant, and LCIA single mutants. Strains lab77 (a LCIA-LCIB double mutant progeny), 718 
lcia63 and lcia90 (LCIA single mutant progeny) were derived from a genetic cross between lab1 719 
and wild type strain CC620. (B) PCR with specific primers amplifying the disrupted regions in 720 
LCIA or LCIB. (C) Western immunoblots with specific LCIA or LCIB antibody.  Wild type cells 721 
and mutants lcia-63 and lcia90 were grown in high CO2, and then shifted into very-low CO2 for 722 
12 hours prior to analysis. 723 
Fig. 6 Ci-dependent photosynthesis in LCIA mutant. Ci-dependent photosynthetic O2 724 
evolution measured at pH 7.3 and pH 9.0. Strains CC620 (solid squares) and lcia90 (open 725 
triangles) were grown in high CO2 and then switched to very-low CO2 for 24 hours before the 726 
measurement. The experiments showed similar results with two independent cultures, although 727 
results from only one experiment are shown.  Each data point represents an average of three 728 
technical replicates, and the coefficient of variation for each data point, the ratio of the standard 729 
deviation (n=3) to the average, is less than 10% for all data. The O2 evolution rates of CC620 and 730 
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lcia90 at 4000 µM Ci are: in pH 7.3, CC620 (95±2), lcia90 (132±4); in pH 9.0, CC620 (87±4), 731 
lcia90 (112±2). 732 
Fig. 7. Contributions of LCIA and LCIB to O2 evolution, and CO2-inhibition of LCIA-733 
dependent photosynthesis.  (A, B) Contributions to O2 evolution activities of LCIA and LCIB. 734 
Contribution of LCIA to O2 evolution activities in ad1 as a function of CO2 (A) or HCO3- (B) 735 
concentration at pH 6.0 (open squares) and pH 7.3 (solid diamonds). The LCIA contribution was 736 
calculated by subtracting photosynthetic O2 evolution activity in lab1 from that in ad1. (C) 737 
Contributions of LCIA and LCIB to photosynthesis as a function of the CO2 concentration. 738 
Contribution of LCIA (solid circle) was calculated as above and the contribution of LCIB (solid 739 
triangle) was calculated by subtracting photosynthetic O2 evolution activity in ad1 from that in 740 
wild type (cw10) cells. In all cases, CO2 and HCO3- concentrations are calculated from total Ci 741 
concentration and pH, assuming the addition of carbonic anhydrase maintains CO2-HCO3- 742 
equilibrium. 743 
Fig. 8. Models for acclimation to low and very-low CO2 in Chlamydomonas. 744 
Immunolocalization of LCIA and LCIB and working models illustrating possible roles played by 745 
the LCIA-associated HCO3- uptake system and the LCIB-associated CO2 uptake system in very-746 
low CO2 grown cells (A) and low CO2 grown cells (B). No obvious changes of LCIA 747 
localization were observed between low and very-low CO2 conditions.  PM, the plasma 748 
membrane; ChE, chloroplast envelope; dashed lines represent hypothesized function of the 749 
LCIB-LCIC complex in conversion of CO2 to HCO3-, which is then delivered to carbonic 750 
anhydrase CAH3 within the lumen of the pyrenoid-associated thylakoid tubules for dehydration 751 
to CO2. A detailed explanation is provided in the discussion.  752 
 753 
 www.plantphysiol.orgon September 8, 2017 - Published by Downloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.
O
xy
ge
n 
Ev
ol
ut
io
n 
(µ
m
ol
O
2/m
g 
C
hl
/h
ou
r)
Ci Concentration (µM)
0
20
40
60
80
100
0 50 100 150 200
0
20
40
60
80
100
0 50 100 150 200
pH 7.3
pH 6.0
cw10
cw10
ad1
ad1
A
CO2 Concentration (µM)
0
20
40
60
80
100
0 20 40
0
20
40
60
80
100
0 20 40
pH 7.3
pH 6.0
cw10
cw10
ad1
ad1
B
0
20
40
60
80
100
0 50 100 150 200
pH 7.3
cw10
ad1
0
20
40
60
80
100
0 50 100 150 200
pH 6.0
C
cw10
ad1
Bicarbonate Concentration (µM)
Fig.1. Photosynthetic activity in wild type and the LCIB mutant ad1. (A) Ci-dependent O2 evolution at pH 7.3 and pH 6.0. Strains cw10 (squares) and ad1 (triangles) were 
grown in high CO2 and then switched to very-low CO2 for 24 hours before the measurement. 200 units/ml bovine carbonic anhydrase was present to ensure the equilibrium of 
CO2 and HCO3-. (B, C) The photosynthetic activities were plotted against CO2 (B) and HCO3- (C) concentration calculated from total Ci at pH 6.0 (solid squares for cw10 or 
solid triangles for ad1) and pH 7.3 (open squares for cw10 or open triangles for ad1). (D, E, F) Comparison of the photosynthetic activities of cw10 and ad1 at pH 7.3 and pH 
6.0 plotted against total Ci (D), or CO2 (E) and HCO3- (F) concentrations calculated from total Ci. The experiments showed similar results with two independent cultures, 
although results from only one experiment are shown.  Each data point represents an average of three technical replicates, and the coefficient of variation for each data point, the 
ratio of the standard deviation (n=3) to the average, is less than 10% for all data. The O2 evolution rates in cw10 and ad1 at 4000 µM Ci are: in pH 7.3, cw10 (101±2), ad1
(97±5); in pH 6.0, cw10 (93±3), ad1 (91±6).
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Fig.1. Photosynthetic activity in wild type and the LCIB mutant ad1. (A) Ci-dependent O2 evolution at pH 7.3 and pH 6.0. Strains cw10 (squares) and ad1 (triangles) were 
grown in high CO2 and then switched to very-low CO2 for 24 hours before the measurement. 200 units/ml bovine carbonic anhydrase was present to ensure the equilibrium of 
CO2 and HCO3-. (B, C) The photosynthetic activities were plotted against CO2 (B) and HCO3- (C) concentration calculated from total Ci at pH 6.0 (solid squares for cw10 or 
solid triangles for ad1) and pH 7.3 (open squares for cw10 or open triangles for ad1). (D, E, F) Comparison of the photosynthetic activities of cw10 and ad1 at pH 7.3 and pH 
6.0 plotted against total Ci (D), or CO2 (E) and HCO3- (F) concentrations calculated from total Ci. The experiments showed similar results with two independent cultures, 
although results from only one experiment are shown.  Each data point represents an average of three technical replicates, and the coefficient of variation for each data point, the 
ratio of the standard deviation (n=3) to the average, is less than 10% for all data. The O2 evolution rates in cw10 and ad1 at 4000 µM Ci are: in pH 7.3, cw10 (101±2), ad1
(97±5); in pH 6.0, cw10 (93±3), ad1 (91±6).
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Fig. 2. Identification of lab1, a LCIA-LCIB double mutant. (A) Growth of wild type (cw10) and mutant 
strains on minimal medium agar plates in different concentrations of CO2: high CO2 (5%), low CO2
(0.04%) and very-low CO2 (0.01%). The mutant genes are shown in parentheses below the strain names; 
WT: wild type. lab1-LCIA is a cell line generated from LCIA-complemented lab1. Strain cia5 is a classic 
mutant lacking a limiting CO2 acclimation response. 
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Fig. 3. Analysis of lab1, a LCIA-LCIB double mutant. (A) Insertion of Aph8 in lab1. The region of deletion in LCIA caused by 
the Aph8 insertion is shown with a black box above the LCIA gene. (B) Amplification of genomic DNA fragments in LCIA by 
PCR from cw10 and lab1. The locations of primers in LCIA are shown in part A. The primers A1 and AS1 were used to amplify 
a region without insertion; A3 and AS3 were used to amplify a region disrupted by the Aph8 insert in lab1, and the larger size of 
PCR product in lab1 confirmed the insertion. (C) Western blot analysis of expression of LCIA and LCI1 in high CO2- or very-
low CO2-acclimated cells. LCI1 is a protein encoded by LCI1, a limiting CO2 induced gene, and was used as the control. No 
difference in LCI1 induction was observed between wild type and lab1. (D) Recovery of induced expression of LCIA in LCIA-
complemented lab1. Wild type cw10 and mutants ad1, lab1 and LCIA-complemented lab1 were grown in high CO2, and then 
shifted into very-low CO2 for 12 hours. LCIA protein was detected by Western immunoblots with a specific LCIA antibody.  
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Figure 4 
Fig. 4. Ci-dependent photosynthetic oxygen evolution in cw10 and lab1. (A) Ci-dependent O2 evolution at pH 7.3 
and pH 6.0. Strains cw10 (squares) and lab1 (diamonds) were grown in high CO2 and then switched to very-low 
CO2 for 24 hours before the measurement. 200 units/ml bovine carbonic anhydrase was present to ensure the 
equilibrium of CO2 and HCO3-. (B) The photosynthetic activities of lab1 measured at pH 7.3 (open diamonds) and 
pH 6.0 (solid diamonds) were plotted against CO2 or HCO3- concentration calculated from total Ci. The experiments 
showed similar results with two independent cultures, although results from only one experiment are shown.  Each 
data point represents an average of three technical replicates, and the coefficient of variation for each data point, the 
ratio of the standard deviation (n=3) to the average, is less than 10% for all data. The O2 evolution rates of lab1 at 
4000 µM Ci are: (78±3) in pH 7.3, (79±6) in pH 6.0; the rates of cw10 are the same in Figure 1.
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Fig. 5. Generation and analysis of LCIA single mutants. (A) Growth of wild type, lab1 double mutant, 
and LCIA single mutants. Strains lab77 (a LCIA-LCIB double mutant progeny), lcia63 and lcia90 (LCIA 
single mutant progeny) were derived from a genetic cross between lab1 and wild type strain CC620. (B) 
PCR with specific primers amplifying the disrupted regions in LCIA or LCIB. (C) Western immunoblots
with specific LCIA or LCIB antibody.  Wild type cells and mutants lcia-63 and lcia90 were grown in high 
CO2, and then shifted into very-low CO2 for 12 hours prior to analysis.
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Fig. 6 Ci-dependent photosynthesis in LCIA mutant. Ci-dependent photosynthetic O2 evolution 
measured at pH 7.3 and pH 9.0. Strains CC620 (solid squares) and lcia90 (open triangles) were grown in 
high CO2 and then switched to very-low CO2 for 24 hours before the measurement. The experiments 
showed similar results with two independent cultures, although results from only one experiment are 
shown.  Each data point represents an average of three technical replicates, and the coefficient of variation 
for each data point, the ratio of the standard deviation (n=3) to the average, is less than 10% for all data. 
The O2 evolution rates of CC620 and lcia90 at 4000 µM Ci are: in pH 7.3, CC620 (95±2), lcia90 (132±4); 
in pH 9.0, CC620 (87±4), lcia90 (112±2).
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Fig. 7. Contributions of LCIA and LCIB to O2
evolution, and CO2-inhibition of LCIA-
dependent photosynthesis. (A, B) Contributions to 
O2 evolution activities of LCIA and LCIB. 
Contribution of LCIA to O2 evolution activities in 
ad1 as a function of CO2 (A) or HCO3- (B) 
concentration at pH 6.0 (open squares) and pH 7.3 
(solid diamonds). The LCIA contribution was 
calculated by subtracting photosynthetic O2
evolution activity in lab1 from that in ad1. (C) 
Contributions of LCIA and LCIB to photosynthesis 
as a function of the CO2 concentration. Contribution 
of LCIA (solid circle) was calculated as above and 
the contribution of LCIB (solid triangle) was 
calculated by subtracting photosynthetic O2
evolution activity in ad1 from that in wild type 
(cw10) cells. In all cases, CO2 and HCO3-
concentrations are calculated from total Ci 
concentration and pH, assuming the addition of 
carbonic anhydrase maintains CO2-HCO3-
equilibrium.
 www.plantphysiol.orgon September 8, 2017 - Published by Downloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.
LCIA
LCIB
Very Low CO2
LCIB
Low CO2
A B
LCIA
ChEPM
Stroma Pyrenoid
RuBisCO
HCO3 LCIA
Lumen
LCIBCO2 LCIC
CO2
CO2?
Very low CO2
HCO3
LCIB
LCIC
ChEPM
Stroma Pyrenoid
RuBisCO
HCO3 LCIA
Lumen
CO2
CO2
CO2?
Low CO2
HCO3
Inhibition
Fig. 8. Models for acclimation to low and very-low CO2 in Chlamydomonas. Immunolocalization of LCIA and LCIB and working models illustrating possible roles played by the 
LCIA-associated HCO3- uptake system and the LCIB-associated CO2 uptake system in very-low CO2 grown cells (A) and low CO2 grown cells (B). No obvious changes of LCIA 
localization were observed between low and very-low CO2 conditions.  PM, the plasma membrane; ChE, chloroplast envelope; dashed lines represent hypothesized function of the 
LCIB-LCIC complex in conversion of CO2 to HCO3-, which is then delivered to carbonic anhydrase CAH3 within the lumen of the pyrenoid-associated thylakoid tubules for 
dehydration to CO2. A detailed explanation is provided in the discussion. 
?
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